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1. INTRODUCTION
h e archaeological record is composed of a diversity of 
materials, some of which enable us to reconstruct aspects of 
past human life. Among the more important of these mate-
rials are biological mineralized tissues, such as bones and 
teeth, as they contain information about the living animal, 
and the environment in which it lived.
Atomic Disorder in Fossil Tooth and Bone Mineral: 
An FTIR Study Using the Grinding Curve Method
Désordre structural dans la partie minérale des os et dents fossiles :
une étude IRTF basée sur la méthode des courbes de broyage
Y. Asscher *, L. Regev *, S. Weiner * and E. Boaretto **
Abstract: Bone and tooth mineral generally undergo diagenetic changes. h ese changes in the carbonate hydroxyapatite structure and composition 
can af ect the signals embedded in the mineral phase, such as migration behavior, age of the specimen and the reconstruction of past environ-
ments. Mineral preservation state can be assessed using infrared spectroscopy which provides information on crystal disorder at the atomic level 
and mineral composition. Here we present a new approach to evaluate carbonate hydroxyapatite atomic disorder using infrared spectroscopy 
and the standard KBr sample mounting method. We show that by repeated grinding of the sample and then plotting the infrared splitting factor 
against the width of the major phosphate absorption peak after each grinding, grinding curves with well dei ned trend lines can be obtained. h e 
of sets between curves rel ect dif erences in atomic disorder. We show that grinding curve of sets can be used to evaluate the state of preservation 
of bone, dentine and enamel mineral.
Résumé : Les os et les dents subissent généralement des changements diagénétiques. Ces changements de la structure et de la composition de l’hydroxyapatite 
carbonatée peuvent af ecter les signaux inclus dans la phase minérale, tels que les comportements de migration, l’âge des spécimens ou la reconstitution des 
environnements passés. L’état de préservation de la phase minérale peut être déterminé par la spectrométrie infrarouge qui fournit des informations sur le 
désordre structural et sur la composition du minéral. Dans cette étude, nous présentons une nouvelle approche permettant d’évaluer le désordre cristallin en 
utilisant la spectrométrie infrarouge. Nous montrons ici qu’un broyage répété de l’échantillon et la représentation graphique des valeurs de splitting factor 
et de la largeur à mi-hauteur de la principale bande d’absorption des phosphates après chaque broyage, peut permettre de déi nir des courbes de broyage 
avec des tendances bien déi nies. Un décalage entre ces courbes rel ète des dif érences de désorganisation à l’échelle atomique.
Nous montrons qu’un décalage entre les courbes de broyage peut être utilisé pour évaluer l’état de préservation de la phase minérale des os et dents fossiles.
Keywords: crystal disorder, fossil bone, fossil teeth, grinding curve.
Mots clé : désordre du cristal, os fossile, dent fossile, courbes de broyage.
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Embedded in the bone and tooth minerals are isotopic 
and chemical signals that can provide information on paleo-
climatology (Longinelli, 1984; Luz, Kolodny et al., 1984; 
Wang, Wang et al., 2008), migration of humans or other 
animals (Price, Grupe et al., 1994; Britton, Grimes et al., 
2009), chronology (Hedges, Leeh orp et al., 1995; Milton, 
Kramer et al., 1997; Grün, 2001; Wild, Teschler-Nicola 
et al., 2005), paleoenvironment (Feranec and MacFadden 
2000), paleodiet (Lee-h orp, 2002) and chemical alteration 
post mortem (Wang and Cerling, 1994; Zazzo, Lecuyer et 
al., 2004; Dauphin, Montuelle et al., 2007; Roche, Segalen 
et al., 2010). All these applications can only provide reliable 
information if the biogenic mineral has undergone only 
minimal changes after burial (diagenesis).
h e mineral phase in mature vertebrate bone and tooth 
is carbonated hydroxyapatite. h is mineral is particularly 
susceptible to substitutions of carbonate, chloride, l uoride, 
magnesium and other ions into its crystal lattice. h ese subs-
titutions introduce disorder at the atomic level and hence 
destabilize the mineral. Furthermore, the crystals of the 
bone family of materials (Posner, 1969, Weiner and Wagner, 
1998), namely bone, dentin, cementum, mineralized ten-
don etc, are all extremely small, with average crystal sizes 
being tens of nanometers long and wide and only 2-4nm 
thick. h ese crystals thus have a high surface to bulk ratio 
and hence a large proportion of the atoms at or close to the 
surface are disordered. h is too can destabilize these crys-
tals. h us the crystals in the bone family of materials rea-
dily undergo diagenetic change after burial. In contrast the 
crystals of tooth enamel are orders of magnitude larger than 
those of the bone family of materials, and are thus generally 
thought to be more stable and less prone to diagenesis.
During diagenesis the general trend is for the carbona-
ted hydroxyapatite crystals to become more ordered at the 
atomic level and hence more stable. h is involves ion subs-
titutions such as l uoride uptake (Eanes and Reddi, 1979) 
and endogenous reorganization of the planar carbonates 
that replace the tetrahedral phosphates and the hydroxyl 
groups (Sponheimer and Lee-h orp, 1999). h e crystals of 
the bone family of materials also increase their size, presu-
mably by a ripening process whereby the larger crystals grow 
at the expense of the smaller crystals. h ese changes can 
be conveniently monitored by Fourier Transform Infrared 
(FTIR) Spectroscopy.
Termine and Posner (Termine and Posner, 1966) showed 
that the extent to which the absorptions at 603 cm-1 and 
567 cm-1 are split in the infrared spectrum, is an indica-
tion of the crystallinity of the carbonated hydroxyapatite. 
Crystallinity refers to a combination of the crystal size and 
the atomic disorder. h e manner in which this so-called “split-
ting factor” is generally calculated was dei ned by Weiner and 
Figure 1: Plot of the change in peaks width with grinding for 
a human molar enamel sample (adapted from Asscher 2011). 
Showing the change in IRSF values from 3.6 to 4.2 for I – sample 
that was least intensively ground, II – sample that was most inten-
sively ground. FWHM – full width at half maximum.
Figure 1 : Graphe présentant le changement dans la largeur des pics 
du meulage d’échantillons d’émail humaine (adapté de Asscher 2011). 
Les changements dans les valeurs de IRSF de 3.6 a 4.2 sont présentés 
pour I – échantillon qui a été le mo ins intensivement moulu, II – 
échantillon qui a été le plus intensivement moulu. FWHM – largeur 
complète à la moitie du maximum
Figure 2: Grinding curves of fresh mandible bone from dif e-
rent taxa, and archaeological bones. H9_221 and H9_175 are 
goat bones from Megiddo site, dated to around 2800 years ago. 
TS_5451 is a mandible from Tel es-Sai  site, dated to around 3,200 
years ago.
Figure 2  : Courbes du meulage de l’os d’une mandibule de dif é-
rents taxons, et d’os archéologiques. H9-221 et H9-175 sont des os de 
chèvres du site de Megiddo datés d’il y a 3 200 ans à peu près.
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Bar-Yosef (Weiner and Bar-Yosef, 1990). Crystals in fresh 
bone have infrared splitting factor (IRSF) values of 2.7±0.2 
and calcined bone can have values around 7 (Stiner, Kuhn et 
al., 1995). Modern enamel is reported to have IRSF values 
around 4 (Weiner, 2010). In fossil bone the IRSF increases 
because of diagenesis and values as high as 6 to 7 have been 
reported (Stiner, Kuhn et al., 1995). h e large majority of 
values of fossil bone and tooth mineral are however between 
2.7 and 4 to 4.5. Trueman et al. (Trueman, Behrensmeyer et 
al., 2003) pointed out that bones with an IRSF value above 
3.3 have lost most of their collagen. h is provides space for 
additional growth in size of the crystals, which in turn results 
in higher IRSF values (Trueman, Behrensmeyer et al., 2003). 
Studies on the diagenetic changes in fossil enamel also show 
higher IRSF values. (Lee-h orp and Sponheimer 2003; 
Roche, Segalen et al., 2010).
The measurement of the IRSF value of carbonated 
hydroxyapatite using the standard KBr pellet method is 
inl uenced by the extent to which the sample is ground and 
the way the sample is ground (Surovell and Stiner, 2001). 
Surovell and Stiner (2001) noted a small decrease in the 
IRSF of the powder fraction with increased grinding, and 
in two cases they observed an increase. h e fact that par-
ticle size inl uences the width of infrared absorption peaks 
is a general phenomenon, with the smaller the particle size, 
the narrower the peaks (Ruppin and Englman, 1970). h e 
particle size ef ect would therefore be expected to result in 
an increase in IRSF with increased grinding due to the nar-
rowing of the peaks. We therefore do not understand the 
results reported by Surrovell and Stiner (2001). In contrast, 
atomic disorder causes the infrared radiation to be absor-
bed by the sample over a larger range of wavelengths, and 
this in turn causes peak broadening. h us the two af ects 
work in opposite ways, making it di   cult to extract reliable 
information on the extent of atomic disorder that exists in 
the crystalline material being analysed. Regev et al. (Regev, 
2010) showed empirically for calcite that if the sample is 
repeatedly ground, and after each grinding a spectrum is 
obtained, then a plot of the heights of two of the absorption 
peaks in the calcite spectrum after normalizing to the height 
of the third peak, shows a distinct trend line. Furthermore, 
calcites formed in dif erent ways (geogenic calcite, ash and 
plaster) all have dif erent trend lines. A theoretical analysis 
of these observations provides insights into the factors res-
ponsible for the changes in peak width due to grinding, and 
shows that the further the trend lines are of set from the very 
well ordered sparry calcite trend line, the more disordered 
are the crystals (Poduska, 2010).
Asscher et al. (2011) used a similar approach for stu-
dying atomic disorder in modern enamel samples, as well as 
modern bone, dentine and cementum crystals. Asscher et al 
(2011) showed that when the IRSF is plotted against the full 
width at half maximum of the 1 035 cm-1 peak of carbona-
ted hydroxyapatite, as a function of grinding, dif erent trend 
lines are obtained for the bone family of minerals and ena-
mel. Furthermore, the trend lines for modern enamel from 
various taxa are dif erent, implying that the disorder within 
these crystals is dif erent. Here we use the same approach 
to better understand mineral diagenesis of fossil bone and 
teeth mineral.
2. METHODS
Fresh enamel, dentine, mandible bone and cementum 
were obtained from dif erent taxa: Bos taurus (cow), Sus 
scrofa domestica (pig), Ovis aries (sheep), Equus caballus 
(horse), Canis familiaris (dog) and Capra hircus (goat). All 
the examined teeth were permanent and fully erupted. No 
sex dif erentiation was carried out and all the teeth were 
mature. Bovine samples were obtained from a slaughte-
rhouse; equine samples were obtained from a veterinary 
hospital, human samples were provided by Dr Sunita Ho, 
University of California San Francisco with the necessary 
Table 1: Archaeological samples and their locations.
Tableeau 1 : Échantillons archéologiques et leurs localisations.
Sample Tissue Species Site Area Locus
Approx. Age
[Years]
H9_175 Bone goat Megiddo H9 62 2800
H9_221 Bone goat Megiddo H9 56 2800
TS_5451 Mandible bovid Tel es-Sai A3 91012 3200
Unclear Context Tooth equid Qesem - - 200-400,000
2049 Tooth equid Neve-Yarak A2401 228 8,000
3111 Tooth equid Ateret E3 321 900
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approvals. Table 1 lists the archaeological samples that were 
collected from sites in Israel, namely Tel es-Sai , Ateret, 
Megiddo, Neve Yarak and Qesem cave.
Modern bone samples were taken from the mandible, seve-
ral centimeters away from the closest tooth. Archaeological 
bone samples were from the cortices of long bones. h e 
modern bones were kept frozen until sampling and neither 
modern nor archaeological bones were chemically treated 
prior to grinding.
Tooth crowns were removed from the root and cut in half 
with a Dremel saw, and the outer layers were then inspec-
ted using a binocular for external deformations and plaque 
contaminations. h ese contaminations were removed by 
a water-cooled dental drill prior to tissue sampling. Tooth 
mineralized tissues were separated by a water-cooled dental 
drill, using a diamond bur. h e water spray, containing the 
tissue particles, was collected in a plastic bag, then emptied 
in a 50ml tube, and separated by centrifugation. h e pellet 
was then washed with ethanol and left to air dry.
All FTIR spectra were obtained with a Nicolet 380 instru-
ment at 4 cm-1 resolution. A mortar and a pestle were used 
for grinding. h e sample was lightly ground by hand, mixed 
with KBr powder and pressed to form a transparent pellet 
under 2 tons. After obtaining the spectrum, the pellet was 
reground, pressed and another spectrum was obtained. h e 
process was repeated until no signii cant changes in peak 
shapes were obtained. h e IRSF was calculated by summing 
the heights of the 565 cm-1 and 603 cm-1 peak heights and 
dividing the sum by the height of the valley between them 
(Weiner and Bar-Yosef, 1990). h e full width at half maxi-
mum (FWHM) of the ν
3
 absorption peak was measured 
directly of  the spectrum.
3. RESULTS
In order to decouple the particle size ef ect from the ef ect 
of atomic disorder, the IRSF values are plotted against the ν
3
 
FWHM as a function of repeated grinding. Trend lines that 
document the grinding ef ect on the carbonated hydroxya-
patite crystals are produced. Figure 2 shows grinding curves 
of fresh bones from dif erent taxa, as well as fossil bones that 
dif er in their preservation states. Using the grinding curve 
approach, we note that the modern sheep and dog bones 
have similar trend lines, whereas the pig and horse bones fall 
on a dif erent trend line. h is indicates that these modern 
bones are formed with dif erent degrees of atomic disorder. 
h e grinding curves for the fossil bones have FWHM values 
that are for the most part smaller than for the modern bones, 
and the slopes of the trend lines are signii cantly higher than 
the slopes for modern bones.
A whole bovid fossil mandible was found in Tel es-Sai  
(2007) and a molar tooth was extracted from this mandible. 
Figure 3 shows grinding curves for the mandible bone, as 
well as the dentine and enamel of the molar tooth. For 
comparison, the grinding curves of modern bovid mandible 
bone, and modern dentine and enamel from a molar, are 
shown. We note that modern bone and modern dentin have 
dif erent trend lines. h e fossil mandibular bone and dentin 
trend lines are signii cantly of set from the modern trend 
lines, indicating that diagenesis has occurred. Surprisingly, 
the fossil dentin trend line is in the same region as the ena-
mel curves, suggesting extreme diagenesis. h e fossil enamel 
curve is of set to higher IRSF values than the modern ena-
mel curve, again indicating that diagenesis has taken place.
Figure 4 shows grinding curves of 3 fossil equid enamel 
samples from teeth of dif erent ages, compared to modern 
equid enamel. Deviations from the modern grinding curve 
show that the archaeological samples are more ordered and 
therefore have undergone signii cant diagenesis. h ere is no 
direct correlation between extent of diagenesis and time of 
burial. Figure 5 shows the grinding curves of equid dentine 
from the same fossil teeth, as shown in Figure 4. Again the 
younger Ateret sample is more poorly preserved than the 
older Neve Yarak sample. h e very old Qesem sample is the 
least well preserved.
Table 2: Degree of alteration of fossil enamel from teeth found in 3 archaeological sites. Ateret, by historical references is dated to 1099 
CE , Qesem cave, dated to 400,000-200,000 years ago , Neve-Yarak site is dated to 8,000 years ago.
Tableau 2 : Degré d’altération de l’émail fossilisée trouvée dans 3 sites archéologiques, Ateret selon les références historiques de 1099 EC, la cave 
Qesem, datée il y a 400 000 a 200 000 ans , le site de Neve-Yarak date d’il y a 8 000 ans.
Enamel (site name) Trend line equation IRSF at FWHM=100 degree of alteration [%]
Qesem y = -0.018x + 6.0 4.2 ±2.5% 13%
Ateret y = -0.021x + 6.1 4.0±4.2% 8%
Neve-Yarak y = -0.017x + 5.5 3.8±3.8% 3%
Modern y = -0.015x + 5.2 3.7±2.7% 0%
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4. DISCUSSION
h is study shows that the use of grinding curves for stu-
dying atomic disorder in modern bones and teeth as deve-
loped by Asscher et al. (2011), can be applied to fossil bones 
and teeth in order to monitor mineral preservation states. 
Diagenesis clearly causes a change in both the FWHM of 
the 1 035 cm-1 peak, as well as changes in the IRSF. h e use 
of the grinding curve approach signii cantly increases the 
sensitivity of using infrared spectra for monitoring diagene-
sis, as compared to the IRSF alone. h e method is simple 
and rapid, taking around 30 minutes to produce a single 
grinding curve.
We note here that the grinding curves for modern den-
tin and mandibular bone are of set (Fig. 2), and that bone 
mineral from dif erent taxa also have of set grinding curves 
(Fig. 1). h is implies that these mineralized tissues have 
crystals with dif erent size/atomic disorder properties. Such 
dif erences have not been reported to date.
In general the trends observed here for fossil carbonate 
hydroxyapatite samples are that the FWHM values are 
much smaller than those for the modern counterparts, and 
the IRSF values are higher. h e slopes of the grinding curves 
increase with poorer preservation. h ree dif erent properties 
of the samples contribute to these trends: the particle size 
due to grinding, the size of the crystals in the mineralized 
tissue and the atomic disorder within these crystals. h e 
theoretical study of calcites by Poduska et al. (Poduska, 
2010), explains the particle size ef ect, and shows that ato-
mic disorder is responsible for the of sets of the grinding 
curves. In this study, we can also attribute the of sets to the 
contribution of atomic disorder, but in addition there is a 
crystal size ef ect. h e latter is prominent for the crystals of 
bone and dentin which are a priori extremely small, and 
Figure 3: Grinding curves of enamel, dentine and bone from a 
modern bovid mandible and from a fossil bovid mandible found 
in Tel es-Sai  site, dated to around 3,200 years ago.
Figure 3 : Courbes du meulage d’email, de dentine et d’os appartenant 
a des mandibules de bovidés récents et de bovidés fossilisés trouvés dans 
le site Tel es-Sai  de dif érents sites datés d’il y a 3 200 à peu près.
Figure 4: Grinding curves of equid enamel from dif erent sites. 
Ateret, by historical references is dated to 1099 CE (Common 
Era), Qesem cave site, dated to 400,000-200,000 years ago, Neve-
Yarak site is dated to 8,000 years ago.
Figure 4 : Courbes du meulage d’émail d’équidés provenant de dif é-
rents sites. Ateret, selon les références historiques de 1099 EC, Qesem, 
datée il y a 400 000 a 200 000 ans, le site de Neve-Yarak date d’il y 
a 8 000 ans.
Figure 5: Grinding curves of equid dentine from dif erent sites. 
Ateret, by historical references is dated to 1099 CE, Qesem cave 
site, dated to 400,000-200,000 years ago, Neve-Yarak site is dated 
to 8,000 years ago.
Figure 5 : Courbes du meulage de dentine d’équidés provenant de 
dif érents sites. Ateret, selon les références historiques de 1099 EC, 
Qesem, datée il y a 400 000 a 200 000 ans, le site de Neve-Yarak date 
d’il y a 8 000 ans.
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hence have a strong tendency to increase their stability by 
increasing their size and hence decreasing their surface to 
bulk ratios. Trueman et al. (Trueman, Behrensmeyer et al., 
2004) showed directly that crystal sizes in sub-fossil bones 
do increase, and this is in part rel ected in an increase in 
their IRSF values. h e crystal size ef ect can be expected to 
be absent or minimal for the very large crystals of enamel. 
h e of sets in the enamel crystal grinding curves as a func-
tion of diagenesis can mainly be attributed to compositional 
changes, such as the loss of carbonates with time that result 
in an increase in atomic disorder.
h is study clearly shows that enamel mineral can undergo 
diagenesis, and therefore applications using enamel need to 
take into account the possibility that the enamel being ana-
lysed is poorly preserved and the signal obtained may have 
been altered. Most studies to date using fossil enamel have 
not taken diagenesis into account. Furthermore, a correla-
tion was found between the preservation states of enamel 
and dentine within the same fossil tooth. We also note that 
Asscher et al. (2011) showed that modern enamel from 
dif erent taxa have dif erent extents of atomic disorder. It 
can therefore be expected that the more disordered modern 
enamel samples will be more likely to undergo diagenesis.
As the enamel grinding curves mainly shift with respect to 
their IRSF values and not their FWHM values, we propose 
quantifying the degree of alteration of enamel crystals by 
comparing IRSF values in the fossil sample to those in the 
modern sample of the same taxon for an arbitrary FWHM 
value of 100cm-1. We propose using equation 1 for this 
purpose. Table II shows the degrees of alteration in percent 
of the fossil enamel samples analysed in Figure 4. h e IRSF 
value at FWHM is calculated from the trend line equation.
Equation (1): 
      
5. CONCLUSIONS
Here we show that the grinding curve approach can pro-
vide detailed information on the states of preservation of 
fossil vertebrate tissues containing carbonate hydroxyapatite. 
h e study also shows that enamel crystals do undergo diage-
netic alteration, and that this needs to be taken into account 
when using fossil enamel for past reconstructions.
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